Abstract. Multiple sclerosis (MS) is easily detected by routine magnetic resonance imaging (MRI). However, it is not possible to detect early or occult lesions in MS by routine MRI, and this may explain the inconsistency between the severity of the lesions found by MRI and the degree of clinical disability of patients with MS. The present study included 10 patients with relapsing-remitting MS and 10 healthy volunteers. Each patient underwent routine 3.0 T MRI, diffusion tensor imaging (DTI), and diffusion tensor tractography (DTT). Optic nerve and optic radiation were analyzed by DTI and DTT. The fractional anisotropy (FA), mean diffusivity (MD), λ || , and λ ┴ values were measured. In the 10 patients with MS, 7 optic nerves were affected, and 13 optic nerves were not affected. Cranial MRI showed that optic nerve thickening and hyperintensity occurred in 2 patients with MS. In the directionally encoded color maps, a hypointensive green signal in the optic nerve was observed in 3 patients with MS. The FA values were significantly lower and the MD, λ || , and λ ┴ values were significantly higher in the affected and unaffected optic nerves and optic radiations in patients with MS in comparison with controls (P<0.05). There were no significant differences in these values between the affected and unaffected optic nerves and optic radiation in patients with MS (P>0.05). Diffusion tensor imaging is sensitive in the detection of occult injury of the optic nerve and optic radiation following optic neuritis. Diffusion tensor imaging may be a useful tool for the early diagnosis, treatment and management of MS.
Introduction
Multiple sclerosis (MS) is one of the most common demyelinating diseases of the central nervous system; the worldwide incidence of is increasing and is currently estimated to be ~3.6/100,000 individuals per year in women and 2.0/100,000 in men (1) . It affects numerous brain regions, such as the corpus callosum, subcortical white matter, white matter surrounding the lateral ventricle, brain stem, cerebellum, spinal cord and optic nerves, and the course of MS can be relapsing-remitting or progressive (2) . MS is the most common disabling neurological disease that affects young adults (3) . MS is easily detected by routine magnetic resonance imaging (MRI) with a high detection rate; thus, MRI is a sensitive noninvasive diagnostic tool for MS (4) . However, early or occult lesions in MS cannot be detected by routine MRI, and this may explain the inconsistency between the severity of the lesions found by MRI and the degree of clinical disability of patients with MS (5) . Diffusion tensor imaging (DTI) has been used to detect occult injury of the corpus callosum in early MS (6) . DTI may be a more sensitive imaging tool for the diagnosis of early or occult lesions in MS, compared with MRI (7) .
DTI is a noninvasive imaging technique that detects white matter fiber bundles by measuring anisotropic water diffusion with an effective diffusion tensor (8) . DTI can identify the lesion by presenting changes in color signals and directly showing the disruption and loosening of fibers; thus, it can be used for the evaluation of the severity of MS lesions (9) . The optic radiation is a group of axons projecting from the lateral geniculate nucleus to the primary visual cortex, and is commonly affected by MS (10, 11) . Clinical and animal studies have shown that a reduction in the eigenvalue λ || (also known as λ 1 ) of the diffusion tensor, which reflects the water diffusion parallel to the axon, is associated with axonal injury. An increase in the eigenvalue λ ┴ (the average of the eigenvalues λ 2 and λ 3 of the diffusion tensor), which reflects the water diffusion perpendicular to the axon, is associated with myelin injury and demyelination (12, 13) . To date, few DTI studies on optic nerve damage in patients with MS or optic radiation damage after optic neuritis have been reported. Previous studies have used 1.5 T MRI (14, 15) , and to the best of our knowledge, none have used 3.0 T MRI.
In the present study, 3.0 T MRI was used to investigate the DTI features of the optic nerve and optic radiation in 10 patients with MS and 10 healthy volunteers. The purpose of this study was to identify the characteristic DTI features of the optic nerve and optic radiation following optic neuritis in patients with MS.
Materials and methods

Patient selection. The Medical Ethics Committee of the First
Hospital of Jilin University (Changchun, China) approved the study, and all patients gave their informed consent prior to their inclusion in the study. This study included 10 patients (2 men and 8 women) with relapsing-remitting MS (RRMS) who were hospitalized at the Department of Neurology of the First Hospital of Jilin University. Of the 10 RRMS patients, MS predominantly affected the brain in 8 cases and the spinal cord in 2 cases. The mean age of the patients was 37.3 years (range, 27-55 years). Ten age-and gender-matched healthy volunteers who underwent cranial MRI at this hospital for a routine physical examination during the same period were included as controls. The inclusion criteria for the controls were: i) No history of neurological diseases or systemic diseases that affect the nervous system; ii) no neurological signs or symptoms; iii) no abnormality in MRI; and iv) right-handed subjects.
DTI examinations. MRI was performed with a TrioTim 3.0 T MR imaging system (Siemens AG, Munich, Germany) with a 12-channel phased-array head coil at a gradient strength of 45 mT/m. Each subject underwent axial scans to obtain cranial MRI and DTI images. Axial and coronal scans were performed to obtain DTI images of the optic nerve. The optic nerve was scanned from the optic papilla to the intraorbital region (Fig. 1) . Prior to the scan, the patient's head was fixed, and the patient was instructed to close their eyes and reduce eyeball movement. Routine T1-weighted (T1WI) MRI scans were performed as follows: Echo time (T E ), 2.46 msec; repetition time (T R ), 440 msec; matrix, 256x320; field of view (FOV), 220x220 mm 2 ; slice thickness, 5 mm; and inversion angle, 130˚. The T2WI parameters were as follows: T E , 93 msec; T R , 5,000 msec; matrix, 320x320; FOV, 220x220 mm 2 ; slice thickness, 5 mm; and interslice gap, 1.5 mm. The DTI parameters were as follows: Matrix, 128x128; FOV, 230x230 mm 2 ; total sections, 16 consecutive sections; slice thickness, 2 mm; diffusion gradient encoding in 64 directions; two diffusion gradient fields (b=0 and b=1,000 sec/mm 2 ); T E , 97 msec; T R , 5,000 msec; and total imaging time, 342 sec.
Data and image processing. The original DTI data were processed on the 3.0 T MR imaging workstation to obtain directionally encoded color (DEC) images, black and white FA images, diffusion-weighted imaging images, and apparent diffusion coefficient images using the Neuro 3D software. The circular region of interest (ROI) with a diameter of 2.034 mm was manually selected. The ROI included the optic neuritis-affected optic nerve (designated the affected optic nerve), the optic radiation connected to the affected optic nerve (designated the affected optic radiation), unaffected optic nerve and unaffected optic radiation in patients with MS and the optic nerve and optic radiation in the controls. The fractional anisotropy (FA; a value between 0 and 1 that described the degree of diffusion directivity) and the mean diffusivity (MD; a mean value of the diffusion in three dimensions) were measured. The eigenvalue λ || of the diffusion tensor and eigenvalue λ ┴ were recorded.
Diffusion tensor tractography (DTT) was synthesized using tractography software, and reconstructed to obtain cranial 3D images based on the DEC maps. On the images, fibers of different directions were presented with different colors: Blue for the superior-inferior direction, green for the anterior-posterior direction, and red for the left-right direction. All ROIs were labeled based on their anatomy, and the direction of the fibers was automatically tracked. The morphology of the fibers, such as disruption and distortion, and the number of the fibers were directly observed.
Statistical analysis. Statistical analyses were performed using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). All data are presented as mean ± standard deviation. Student's t-test or one-way analysis of variance was used to compare the difference between two or more than two groups, respectively. Levene tests or Welch tests were used to examine the homogeneity of variance. For data with homogeneous variance, least significant difference tests were used to compare differences. For data with inhomogeneous variance, Tamhane's T2 tests were used. P<0.05 was considered to indicate a statistically significant difference.
Results
Optic nerves. Optic neuritis was defined as acute when the duration between disease onset and diagnosis was >30 days, and relapsing-remitting when the duration between disease onset and diagnosis was >30 days (16) . All 10 patients with MS had relapsing-remitting optic neuritis. Of the 10 patients with MS, 7 optic nerves were affected and 13 optic nerves were not affected. Cranial MRI showed that optic nerve thickening and hyperintensity occurred in 2 cases (Fig. 2) .
The data shown in Fig. 3 show the FA, MD, λ || and λ ┴ values of affected and unaffected optic nerves in patients with MS as well as those in controls. Compared with controls, the FA values of the patients with MS with affected and unaffected optic nerves were significantly lower (P<0.05; Fig. 3 ). In patients with MS, the MD, λ || and λ ┴ values of affected and unaffected optic nerves were significantly higher compared with those of controls (P<0.05; Fig. 3 ). There were no significant differences in the FA, MD, λ || and λ ┴ values between the affected and unaffected optic nerves in patients with MS (P>0.05). The optic nerve in control cases exhibited hyperintensive signals in the FA map. In the DEC map, the optic nerve was green and clear with no evident artifacts or signal distortion. The signal intensity was almost the same as or slightly higher than that of the extraocular rectus. In the FA maps and DEC maps, the affected optic nerve displayed decreased intensity compared with the control (Fig. 4) . A hypointensive green signal in the optic nerve was observed in 3 patients with MS.
Optic radiation. Seven optic nerves were connected to their affected optic radiation. MRI images showed no abnormality in affected optic radiation.
The FA, MD, λ || and λ ┴ values of the affected and unaffected optic radiations in patients with MS as well as those in controls are shown in Fig. 5 . Compared with controls, the FA values of the affected and unaffected optic radiations were significantly lower in patients with MS (P<0.05; Fig. 5 ).
The MD values of affected and unaffected optic nerves were significantly higher in patients with MS compared with controls (P<0.05; Fig. 5 ). There were no significant differences in the λ || and λ ┴ values between patients with MS and controls (P>0.05). Furthermore, there were no significant differences in the FA, MD, λ || and λ ┴ values between the affected and unaffected optic nerves in patients with MS (P>0.05).
In the FA map, the optic radiation was displayed as a high signal in controls. In the DEC map, the optic radiation that passed anteriorly to posteriorly between the tapetum corporis callosi and the afferent and efferent cortico-cortical fibers was manifested as a green signal. The green signal was easily distinguished from the blue signals of the tapetum corporis callosi and the afferent and efferent cortico-cortical fibers (Fig. 6A) . The white high signal of the optic radiation in the FA map and the green signal of the optic radiation in the DEC map were not obviously altered in patients with MS compared with controls (Fig. 6B) . Tractography of the optic chiasm showed that the number of fibers in the affected optic radiation was less than that in the contralateral unaffected optic radiation in patients with MS (Fig. 6B) .
Discussion
Although routine MRI is a sensitive tool for detecting MS lesions, it poorly reflects the pathological nature of MS. In the present study, 3.0 T MRI was used to investigate DTI features of the optic nerve and optic radiation in 10 patients with MS in comparison with 10 healthy controls. It was found that in patients with MS compared with controls, the FA values were significantly lower for affected and unaffected optic nerves and the MD, λ || , and λ ┴ values were significantly higher. Furthermore, there were no significant differences in these values between the affected and unaffected optic nerves in patients with MS. Similar findings were reported by Kolbe et al (17) .
The FA value in DTI is a sensitive measurement that reflects axonal integrity, and the MD value reflects water diffusion ability and velocity in the tissue. The findings of the present study that affected optic nerves exhibit a low FA value and a high MD value suggest that the affected optic nerves had decreased diffusion directivity and increased diffusivity. These observations suggest that the affected optic nerves exhibit axonal injury and demyelination. Hofling et al (18) reported that axonal density and demyelination are the main factors that affect water diffusion in the direction perpendicular to the optic nerve. Trip et al (19) found that compared with controls, the FA value was reduced and the MD value was increased in the affected and unaffected optic nerves in patients with a single unilateral episode of optic neuritis, and a reduction in the FA value and an increase in the MD value correlated with a reduction in the visual evoked potential amplitude, suggesting axonal loss in the affected and unaffected optic nerves.
In addition, the present study found that the optic nerve in patients with MS exhibited a lower λ || value, which reflects water diffusion paralleling the axon and a lower λ ┴ value, which reflects water diffusion perpendicular to the axon. A DTI study in a mouse model of traumatic axonal injury 
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showed that the λ || value was decreased 4 h after injury, recovered to normal 1 week after injury, and was significantly increased 1 month after injury, and these changes corresponded to demyelination, edema and persistent axonal injury (20) . In the present study, it was found that there were significant differences in the FA, MD, λ || and λ ┴ values between patients with MS and controls, but no significant differences in these values were observed between the affected and unaffected optic nerves in patients with MS. This suggests that occult injury of unaffected optic nerves occurs before the patients experience visual impairment. A distant MS lesion or the presence of mild demyelination, axonal degeneration, necrosis and vacuolation may result in abnormalities in FA and MD values. These findings suggest that DTI is a useful technique for the early diagnosis and treatment of injury of the optic nerve.
In the present study, in the FA and DEC maps, it was observed that the affected optic nerve exhibited reduced signal intensity (Fig. 4A and B) , and the unaffected optic nerve exhibited reduced signal intensity prior to the occurrence of visual impairment (Fig. 4C and D) . Therefore, DTI parameters in combination with the findings in the FA map and DEC map are valuable for evaluating the injury severity and recovery of optic nerves, and are important for the early diagnosis of optic nerve injury.
There are several factors that may affect the quality of DTI images. First, during DTT, movement of the head or eye may lead to distortion of the optic nerve images. Secondly, artifacts may occur because the thin intraorbital optic nerve is wrapped by surrounding intraorbital fats and spinocerebral fluid. Thirdly, the image of the optic nerve can be distorted due to the air in the adjacent sinus, thus reducing tracking of the white matter fiber of the optic nerve (21) . Fourthly, the diameter of the fiber, the density of glial cells, the tissue hydration status and myelination can affect the diffusivity of the optic nerve.
At the late stage of MS, brain atrophy and progressive neurological dysfunction can occur (22) , but no new abnormal lesions are identified using routine MRI (23).
Kolbe et al (17) reported that the FA and λ || values were reduced, and the MD and λ ┴ values were increased following optic neuritis in patients with MS, and suggested that anterograde trans-synaptic degeneration may occur following optic neuritis. In the present study, it was found that compared with controls, the FA values of the affected and unaffected optic radiations were significantly lower, and the MD value of affected and unaffected optic nerves were significantly higher in patients with MS, suggesting that trans-synaptic degeneration may occur in the affected and unaffected optic nerves.
In the present study, no significant difference in the FA, MD, λ || and λ ┴ values were found between the affected and unaffected optic radiation. This may be due to unilateral optic injury affecting the contralateral side, since the optic nerves at each side are composed of fibers from both sides. It is also likely that the unaffected optic radiation may be associated with a mild and undetected occult lesion in the occipital cortex that may cause retrograde degeneration of unaffected optic radiation. These factors may contribute to the findings of a reduction in the FA value, and an increase in the MD, λ || and λ ┴ values of bilateral optic radiation. Currently, there have been few DTI studies on neurodegeneration of the optic radiation, and the mechanisms underlying the occurrence and progression of optic radiation degeneration remain unclear (24) . The present study suggests that trans-synaptic degeneration may occur following optic neuritis. Tractography demonstrated that the number of fibers in the affected optic radiation was less than that in the contralateral unaffected optic radiation, and this further supports the possible presence of trans-synaptic degeneration. This may be due to chronic demyelination and axonal injury following optic neuritis inducing a reduction in afferent signals into the lateral geniculate nucleus and subsequently leading to atrophy of the optic radiation.
Therefore, DTI is indicated to be a sensitive tool for detecting optic radiation degeneration, and appears to be a suitable technique for use in the diagnosis of trans-synaptic degeneration of the optic radiation following chronic optic neuritis. A B
